At least four different proteinases are present in senescing apple leaves (Mahs domestica Borkh. cv Golden Delicious) as determined by their pH optima, substrate specificity, and their reactivity to proteinase inhibitors. An enzyme active at pH 4.5 to 5.0 appears to be a sulfhydryl-dependent (iodoacetamide and phenyhnercuric acetate-sensitive) endoproteinase, and degradation of the large subunit of ribulose bisphosphate carboxylase was observed only with this enzyme. It is tentatively concluded that this endoproteinase is responsible for the breakdown of ribulose bisphosphate carboxylase in vivo. However, the presence of more than one endoproteinase in apple leaves is suggested by the broad range of pH optima of the SH-dependent enzyme. Another enzyme active at pH 6.0 appears to be a carboxypeptidase, and was sensitive to phenylmethylsulfonylfluoride. This enzyme showed a strong hydrolytic activity against carbobenzoxyphenylalanylalanine. A sulfhydryl-dependent aminopeptidase and a second hydroxyl-dependent carboxypeptidase were active at pH 7.5
One of the characteristics associated with leaf senescence is the decline in proteins. The protein hydrolysates are available for translocation to developing seeds in annual plants or woody tissues in deciduous trees. A series of transformation reactions such as those from proteins to amino acids, and further to more mobile forms of amino acids, are required to mobilize leaf protein hydrolysates into woody tissues. Reports on the occurrence of proteinases in senescing leaves have been extensive (2, 6-8, 11, 14, 17, 19) . Regulatory mechanisms on these enzymes have been documented, either by demonstrating the presence of proteinases in vacuoles (5, 23) , or by correlating the proteinase activity and protein changes in senescing leaves (9, 12, 13, 16, 17) . Almost all of these studies, however, have been done with annual seed plants, and comparable studies in woody deciduous plants are extremely limited.
Along with exopeptidases, we here report the presence of an endoproteinase present in apple leaves which preferentially de- 'On leave from the Department of Horticulture, University of Osaka Prefecture, Sakai, Osaka, Japan.
grades the large subunit of RuBPC2. Our data on seasonal changes in this endoproteinase activity favor compartmentation as a principal regulatory mechanism on this enzyme. We also present evidence that the measured activity of proteinases can be dependent on assay methods and substrate. This study was conducted as a part of our effort to understand the sequence of events involved in nitrogen recycling of deciduous trees (18) , which we consider extremely important in regulating the nitrogen status of trees in annual cyclic fashion.
MATERIALS AND METHODS
Plant Materials. Mid-shoot leaves were collected weekly in October of 1981, from current-year's growth on 8-year-old apple trees (Malus domestica Borkh. cv Golden Delicious on M 26 rootstocks) from the University of Illinois experimental orchard. Samples were collected between 2 and 3 PM and stored at -23°C until used.
Inasmuch as the most dramatic changes in concentration of proteins and amino acids and enzymic activities occur during the later stages of senescence in apple leaves (4, 16 Aliquots of these protein extracts (usually 20 ml) were passed through a Sephacryl S-200 Superfine column (2.5 x 60 cm). The high mol wt effluent (usually 75 ml) which contained almost all proteinase activity was pooled and concentrated in an Amicon ultrafilter using PM 10 membranes. Unless otherwise specified, the pH of the concentrated protein solution was readjusted rapidly to 4.6 with the assay buffer and used as an enzyme preparation. This preparation contained essentially no NPCs at this stage. However, it was difficult to estimate the degree of purification at this step due to the variable activity of the crude extract.
Preparation of Substrates. The RuBPC of apple leaves was prepared as follows. Leaves Preparation of other substrates used in this study, such as hemoglobin, leu-NA, and Z-Phe-ala, are as described (3) .
Enzyme Assays. Autolytic activity was estimated by two different methods from the same incubation mixtures: (a) the disappearance of proteins, and (b) the release of NPCs. The disappearance of proteins was measured by measuring the decline in protein of the incubation mixtures in a unit period of time and/or by demonstrating the decline of the large subunit of Ri'BPC. In the latter case, scans by cylindrical gels were compared to quantitize the disappearance of proteins. Results shown are typical gels which show the degradation of the large subunit of RuBPC.
The incubation mixtures for autolytic activity were adjusted to contain about 2 mg protein in 8-ml assay buffer, 0.1 M citric acidsodium citrate (pH 4.6). The reaction mixtures were incubated for 3 h at 37°C with occasional stirring, after which the reaction was stopped by adding 50%o (w/v) TCA to make a final concentration of 5%. After centrifugation, the supernatant was used to estimate NPCs. Protein pellets were further extracted twice with 80%o cold acetone to remove excess TCA, the acetone powder being finally dissolved in 0.1 M NaOH for subsequent assays. For protein samples used in SDS-PAGE, the acetone powder was dissolved directly in the denaturing buffer, 50 mm Tris-HCl (pH 8.0) containing 2% SDS and 0.2% EtSH (13) .
The Hgb-ase activity was estimated as described (3), except that the assay buffer was replaced by 0.1 M citric acid-sodium citrate at pH 4.6, and that the NPCs were measured by the method of Yemm and Cocking (24) , with leucine as a standard. The preparation of substrates and activity measurement of leu-NA and Zphe-ala degrading enzymes were as described by Feller et al. (2) , except that the final pHs were adjusted to 4.5, 6.0, and 7.5. The changes in A at 410 and 570 nm for the reaction products of leu-NA and Z-phe-ala, respectively, were measured.
Determination of pH Profiles and Inhibitor Studies. The 50 mm buffers used to determine pH profiles were: citric acid-sodium citrate for pH 4.0 to 6.5; Na2HPO4-citric acid for pH 4.0 to 8.0; and Na2HPO4-NaH2PO4 for pH 6 .0 to 8.0. Concentrated enzyme preparations as described above were rapidly rebuffered with assay buffers of desired pHs. Hemoglobin was dissolved directly in the assay buffer.
Inhibitor studies were conducted as described elsewhere (3), using ethanol as a solvent for PMA and PMSF. Enzyme preparations were pre-treated with various chemicals at 1 mm for 17 h at 0°C, after which the residual activities were estimated by measuring NPCs. Only one sample collected on October 30 was used and autolytic activity was measured for this inhibitor study.
SDS-PAGE. Protein pellets recovered from centrifugation were dissolved in the denaturing buffer as described. When protein was in solution, the solution was dialyzed against the denaturing buffer. Heat treatment (boiling for 4 min) was essential to obtain reproducible results. Prolonged storage of protein solutions for more than 7 to 10 d at -23°C also caused problems in reproducibility. Electrophoresis was conducted according to Weber and Osborn (20) , using 10% acrylamide gels in a Tris-glycine system at pH 8.3. Coomassie blue R was used to stain the gels. To quantify protein bands, the gels were scanned at 600 nm, and the area under the peak of the large subunit of RuBPC was then determined by weighing the paper and converting the weight to area.
Protein Determination. Protein was measured as described (3) using BSA as a standard.
RESULTS
Changes in Proteins and Amino Acids. Protein declined from 9.1 mg in early October to 5.5 mg in late October (Fig 1) . The percentage decline was greater when the data are expressed on a leaf basis (52%) than on a fresh weight basis (40%). Amino acids also declined during the month when protein was declining rapidly, which suggests that their translocation to woody tissues exceeded the rate oftheir formation. However, a dramatic increase in amino acids in leaf tissue was observed just before leaf abscission.
Assay Method-and Substrate-Dependent pH Proffles. Figure   2 shows the disappearance of a large subunit of RuBPC as a function of pH. Quantitative estimation was made by gel scanning procedures (see "Materials and Methods"), and the percent activities were calculated with reference to the highest activity at pH 4.5. However, there is no significant difference in activity between pH 4.5 and pH 5.0. Only light activity was observed at pH 6.0, and no activity was detectable between pH 6.0 and pH 8.0. The highest RuBPC-degrading activity at pH 4.5 to 5.0, and, to a minor extent, at pH 4.0 were observed with all samples taken in October. We were unable to detect any significant difference in activity of one specific enzyme preparation, even if substrate RuBPC was isolated from those samples collected on different days.
The measurement of NPCs from the same incubation mixtures as in Figure 2 shows different activity profiles of the enzyme preparations (Fig. 3 ). There are three activity peaks at pH 4.5 to 5.0, pH 6.0, and at pH 7.5. These activity peaks became more distinct toward the end of the senescence period. It appears that the activity peak at pH 4.5 to 5.0 shifts downward, i.e. toward pH 4.5 with the October 30 samples. The activity at pH 4.5 was the highest at all times of the month, but relative activities among these three peaks changed with time. The most notable changes are seen with the pH 6.0 activity peak from the mid-October sample and with the pH 7.5 peak from the late-October sample. These two activity peaks are almost as high as the activity peaks at pH 4.5 within the same sampling date.
As will be seen later (Figs. 5 and 6), total autolytic activity declined during the season; however, specific activities increased toward the end of the season: the activity at pH 4.5 with the lateOctober sample is more than twice as high as that with the early October sample. The increase in specific activities between these two samples is even more dramatic at pH 7.5.
The pH-dependent Hgb-ase activity (as measured by the release of NPCs from hemoglobin) during the season is shown in Figure  4 . As in the case of autolytic activity (Fig. 3) where the activity was measured by the increase in NPCs, three activity peaks were observed in late October at the same pH ranges. However, such activity peaks are almost unnoticeable in early October. Contrary to autolytic activity, the activity at pH 4.5 to 5.0 is at least twice as high as that at pH 6.0 or pH 7.5 at all times. Specific activities increased with time.
Inhibitor Studies and Substrate Specificity. The enzyme active at pH 4.5 and 7.5 generally responded in the same manner to chemical treatments (Table I) . EtSH stimulated both enzymes by 50%o or more at 1 mm, whereas PMA and IAc-NH2 inhibited activity by 45 to 76%. However, both enzymes responded in a completely different manner to PMSF: the former enzyme was essentially unaffected while the latter enzyme was inhibited by 40%o.
A slight stimulation (1-3%) of the enzyme active at pH 6.0 in the presence of EtSH or EDTA, or a slight inhibition (4-11%) in the presence of PMA or IAc-NH2, is not considered significant. On the other hand, about 60%1b inhibition of the pH 6.0 enzyme was observed in the presence of 1 mm PMSF.
Hydrolytic activities of enzyme preparations against various foreign substrates at different pHs (Table II) give insight as to the kinds of enzymes active in those specific pH ranges and as to the action mechanism of these different enzymes. As seen earlier (Fig.  4) , Hgb-ase activity was highest at pH 4.5, although about 50%o of this activity was also found at pH 6.0 and pH 7.5. On the other hand, Z-phe-ala and leu-NA were degraded most at pH 6.0 and 7.5, respectively. Degradation of Z-phe-ala at pH 7.5 (62% of pH 6.0 activity) is significant.
Seasonal Changes in Autolytic and Hgb-ase Activity. Total autolytic activity, as measured by the disappearance of proteins, declined as senescence advanced (Fig. 5) . Such decline is more dramatic when the data are expressed on a leaf basis (65%) than on a fresh weight basis (55%). Specific activity also declined slightly. Under our incubation conditions at pH 4.6 and at 370C, the rates of protein hydrolysis were 48 [&g/mg proteinsh in early October and 36 ,ug/mg protein.h in late October. Essentially the same activity profile was obtained when autolytic activity was estimated by SDS-PAGE and subsequent scanning of the gels.
Such changes in autolytic activity are in sharp contrast with the results when autolytic activity was measured by the appearance of NPCs from the same incubation mixtures ( Fig. 6 ; also, compare Figs. 2 and 3) . Almost a linear increase in specific activity was observed in the latter case. The activity, Amol leucine equivalents released/mg protein-h, increased from 20 in early October to 36 in late October. Total activity profiles also show a different pattern compared with Figure 5 . When the data are expressed on a fresh weight basis, the activity increased by 23% during the first half of the month, followed by a gradual decline toward the end of the season. There was less than a 5% net increase in total activity during the month. On the other hand, no such increase in total activity was found on a leaf basis. A gradual decline resulted in 16% net loss of total activity by late October compared with the activity in early October.
Again, the changes in Hgb-ase activity (Fig. 7) are in sharp contrast with the changes in autolytic activity. Specific activity almost tripled during the month. Total activity increased 73% on a leaf basis and more than doubled when expressed on a fresh weight basis by 1 Hgb-ase activity is an apparent increase during the month: 32% on a leaf basis and 67% on a fresh weight basis.
DISCUSSION

Kinds of Proteinases Present in Senescing Apple
Leaves. The activity of acid proteinase (active at pH 4.5-5.0) was highest at all times when the activity was measured by the disappearance of proteins (Fig. 2) as well as the appearance of NPCs (Fig. 3) . This enzyme is highly sensitive to PMA and IAc-NH2, suggesting the enzyme possesses an SH group in its active site. This conclusion is also supported by evidence that the enzyme was strongly stimulated by EtSH. It appears that this enzyme represents the majority, if not all, of RuBPC-degrading endoproteinase as suggested by the preferential degradation of the large subunit of the protein at this pH range. As has been reported in other plants (7, 10, 21) , this endoproteinase is not absolutely specific for apple leaf RuBPC, since the enzyme was active against hemoglobin as well, even if its specific activity against hemoglobin was less than 60%
of that against RuBPC (compare Figs. 3 and 4) . The hydrolytic activity of the enzyme was also observed when commercial RuBPC, isolated from spinach, served as a substrate.
The enzyme active at pH 6.0 appears to represent carboxypeptidase activity as evidenced by the inhibitor study and its substrate specificity. This enzyme was unaffected by the presence of PMA or IAc-NH2, but was inhibited more than 50%o when the enzyme was pretreated with PMSF ( Table I ), suggesting that the enzyme possesses a hydroxyl group of serine residue in its active site. It has been reported that plant carboxypeptidases generally have a pH optimum between 5.0 and 6.0 with a serine active site (6, 14, 19) . The possibility that the pH 6.0 enzyme in apple leaves could be a carboxypeptidase is also indicated by the preferential degra- Enzyme preparations from late-October samples were pretreated with the chemicals (I mM) for 17 h at 0°C, after which the residual activities were estimated by measuring the amount ofninhydrin-positive compounds released from hemoglobin. One hundred percent activities at pH 4.5, 6.0, and 7.5 corresponded to 6.10, 5.13, and 5 dation of Z-phe-ala by this enzyme at this pH (Table II) .
Results on the response of enzymes active at pH 7.5 to the inhibitors and various substrates are mixed. A strong inhibition by PMA or IAc-NH2 as well as a strong stimulation by EtSH suggest that an SH-dependent enzyme is active at this pH. This SH-dependent enzyme, however, is not likely to be an endo-type, since we were unable to detect the degradation of RuBPC at this pH (Fig. 3) . A preferential degradation of leu-NA at this pH (Table II) suggests that this enzyme is an aminopeptidase. On the other hand, 40o inhibition by PMSF and a substantial hydrolytic activity against Z-phe-ala at pH 7.5 suggests that another carboxypeptidase is also active at this pH. It is thus concluded that the (Fig. 7) while there was a substantial decline in proteins. This kind of relationship between proteinase activity and protein decline has been reported in other studies (1, 2, 9, 22) . The Hgb-ase activity profile, however, may not necessarily reflect the in vivo changes in proteinase activity, simply because hemoglobin is not the in vivo substrate. Also, as we will discuss later, and as has been reported by Ragster and Chrispeels (12), the measured increase in NPCs does not necessarily reflect changes in the net amount of protein.
Instead, we have been more interested in the degradation of leaf proteins by leaf proteinases. There is some difference in the autolytic activity profiles depending upon assay methods (compare Figs. 5 and 6 ). The general trend is nonetheless an apparent decline in autolytic activity, during which period we observed a 50%o decline in proteins. This observation is in agreement with other investigators who have failed to correlate apparent decline in proteins with proteinase activity (11-13, 16,17) . Even if autolytic activity declines during senescence (Fig. 5) , we found that there was enough cumulative in vitro activity of proteinases to account for the decline in proteins during any of the 1-week sampling periods. The increase in Hgb-ase activity (Fig. 7) may not be necessary in this regard. The question arises as to the control mechanism of the endoproteinase present in apple leaves. There is the possibility that some proteinases are newly synthesized during the course of senescence. Spencer (15) reported that protein synthesis in senescing apple leaves continued unabated even when protein declines. However, we suggest that the principal control mechanism of proteolytic activity in apple leaves is through compartmentation, as has been substantiated in some annual plants (5, 23) . Total autolytic activity does not increase during the period of massive protein decline, and specific activity of the endoproteinase remains almost constant when the activity is measured by the disappearance of proteins (Fig. 5) (14) . The regulatory effect of end products on leaf proteinase activity is not likely to be a major one, since there was no appreciable accumulation of amino acids in leaves except the very final stage of senescence (Fig. 1) .
Effects of Substrates and Assay Methods on Proteinase Activity. Significant differences are seen in pH profiles (compare Figs.  2 and 3 ) and activity profiles (compare Figs. 5 and 6), depending upon assay methods. It appears that protein disappearance preferentially measures endo-type activity, whereas NPCs preferentially measure exo-type activity. This is because: (a) there is no major endo-type activity in the pH ranges between 6.0 and 8.0 (Fig. 2) where the measurement of NPCs shows a very high activity (Fig. 3) , and (b) the SH-dependent endoproteinase is indeed responsible for degrading RuBPC to smaller segments (Fig.  2) before hydrolyzing RuBPC completely to amino acids. By determining the ratio of a-amino-nitrogen plus peptide bondnitrogen to a-amino-nitrogen, Ragster and Chrispeels (12) have demonstrated the preferential measurement of exo-type activity by ninhydrin assay.
When we compare Figures 3 and 4 and Figures 6 and 7 , it is obvious that substrates do affect the final results within the same assay method: the measurement ofNPCs. All these results indicate that, when proteinase activity is measured, extreme care must be exerted as to the type of proteinases to be assayed as well as the kinds of substrates.
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